Axillary lymph node metastasis (ALNM) is commonly the earliest detectable clinical manifestation of breast cancer when distant metastasis emerges. This study aimed to explore the influencing factors of ALNM and develop models that can predict its occurrence preoperatively.
Introduction
Metastatic spread from primary breast cancer can occur during the early stage, and axillary lymph node metastasis (ALNM) is usually the earliest detectable clinical presentation when distant metastasis emerges. [1] Sentinel lymph node biopsy (SLNB) is the standard approach for axillary staging in breast cancer patients with no palpable axillary adenopathy, and the trend for breast cancer treatment is currently shifting towards minimizing axillary surgery, even in the presence of sentinel lymph node (SLN) involvement. The Z0011 trial has demonstrated that the 10-year overall survival (OS) of patients with 1 to 2 sentinel lymph node metastases (SLNM) treated with SLNB and whole-breast irradiation is non-inferior to the OS of patients with no palpable axillary adenopathy clinical T1-T2 invasive breast cancer (IBC) treated with axillary lymph node dissection (ALND). [2] Moreover, the AMAROS trial found further evidence to show that the axillary recurrence-free rate of patients with SLNB-proven metastasis treated with radiotherapy is non-inferior to those treated with ALND. The radiotherapy group not only had lower lymphedema rate at 1 or 5 years during treatment, but also developed fewer surgery-related complications. [3] Collectively, the results of these trials suggest that IBC is a systemic disease, [4, 5] and as such, the treatment strategy should start with identification of the lymph node status and complete assessment of the TNM stage more than just immediate treatment. [6, 7] Although SLNB remains the standard of care for breast cancer patients with no palpable axillary adenopathy, approximately 24.8% to 35.5% have ALNM in the final pathological results, [8] [9] [10] [11] showing that a high number of patients receive excessive medical care. Consequently, noninvasive methods for assessing axillary lymph nodes is urgently needed. The ongoing SOUND trial, which recruits patients with small tumors ( 2 cm) and negative lymph node on ultrasonography (US), is designed to confirm the diagnostic efficiency of US, but the results are yet to be determined. [12] Previous studies have shown that clinicopathological features such as size, age at diagnosis, palpable mass or not, body mass index (BMI) and hormone receptors and so on are related to ALNM. [13] [14] [15] [16] Meanwhile, high-frequency ultrasonography, the first-line imaging modality in breast cancer diagnosis, can show the rich morphological features of breast tumor, and some of those features may be related to ALNM. [13, [17] [18] [19] [20] Therefore, this study aimed to explore the influencing factors of ALNM with respect to both ultrasonographic characteristics and clinicopathologic traits. The total population was divided into the training set and test set. We used the machine learning method to establish a predictive model for cT1-T2N0M0 patients, and its accuracy was evaluated to provide a preliminary experimental basis for clinical research and related treatment. Clinicians may reference the prediction results and make better clinical decisions.
Materials and methods

Study participants
A consecutive cohort of patients who underwent curative-intent breast surgery were reviewed from January 1, 2014 to December 31, 2017. The eligibility criteria were (1) female sex; (2) cT1-T2N0M0 stage; (3) visible tumors on pre-biopsy US; (4) complete clinicopathological and ultrasonographic data; and (5) surgery within the next 2 months since US. These criteria were set based on the fact that biopsy may change the morphological features of the tumor and that undergoing surgery within 2 months after US can avoid the risk of an altered axillary status. Meanwhile, the exclusion criteria are shown in Figure 1 .
This study was approved by the Institutional Review Board of West China Hospital and performed in accordance with the ethical standards of the institutional and national research committee and with the 1964 Helsinki declaration and its later amendments or comparable ethical standards. Written informed consent was obtained from all patients.
Ultrasound imaging and analysis
Breast and axilla US were performed using a linear array probe (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) supplemented by the 1 to 5 MHz convex array probe as needed to penetrate larger masses (Philips iU22 and HDI 5000, Philips Medical Systems, Bothell, WA, USA; HI VISION Preirus, Hitachi Medical, Tokyo, Japan; Esaote MyLab 90, Esaote, Genova, Italy; GE Logiq E9, General Electric Healthcare, Milwaukee, WI, USA). All US exams were performed by experienced sonographers. The US findings were retrospectively analyzed by an experienced sonographer based on the criteria from the ACR BI-RADS lexicon for US. Lesion boundary (LB) is not a BI-RADS term but is used in our Ultrasound department. [21, 22] According to the relationship between the mass and the breast tissue in US, LB on US were divided into infiltration of subcutaneous adipose tissue (ISAT), infiltration of the interstitial adipose tissue (IIAT), and confined to the gland among cT1-T2N0M0 patients. Cases where there was an obscure or fuzzy boundary that made it difficult to identify whether the tumor extended to the subcutaneous or interstitial adipose tissue and were enveloped or there were tissue overlaps that caused artifacts on imaging were defined as "obscure boundary". [17, 23] Other US parameters such as tumor size, tumor quadrant locations (TQLs), and tumor distance from the nipple were collected. Samples of different LB are shown in Figure 2a -c.
Decision tree prediction
C5.0 decision trees, a machine learning classification algorithm implemented in the R environment, were used to construct a statistical classifier. [24, 25] C5.0 decision trees depend on the concepts of information gain (IG) and entropy to determine the attributes that provide the highest information about the instances on which the tree is modeled. The IG is calculated for each of the attributes and the 1 with the smallest entropy (highest IG) forms the root node of the tree. [26] Given that the decision tree tends to overfit the training data model, the reported error rate in the training data may be too optimistic. Therefore, it is important to evaluate the decision tree model based on the test data set. Our study used "cross validation" method to divide data and obtained 900 for training set and 761 for test set.
Statistical analyses
All statistical analyses were performed using SPSS (version 25.0, IBM Corporation). Group difference for continuous and categorical variables was assessed using Student t test and normal (Pearson) Chi-Squared test, respectively. Univariate and multivariate logistic regression analyses were performed using a stepwise selection of all features studied as candidate predictors of axillary lymph node status. All tests were two-sided, and a P value < .05 was considered statistically significant. For independent factors identified via multivariate logistic regression analyses, decision tree analyses were performed to construct a decision tree model using the C5.0 packages within the R environment.
Results
Clinicopathological characteristics
During the study period, 4750 patients were diagnosed with operable IBC. Of these, 3079 were excluded, and 1671 were evaluated. The mean age was 51.27 ± 11.7 years, and the average body mass index was in the normal range (23.08 ± 2.94). More than 50% of the patients were on menopause (51.53%) at the time of cancer diagnosis, and a large proportion of tumors were palpable (81.33%) or located in the lateral quadrant (46.2%). In total, most cases (1469 cases (88%)) of breast cancers were invasive ductal carcinoma. The majority of IBC were confined in the gland, and the tumor rarely infiltrated both subcutaneous and interstitial adipose tissue (Table 1 ). In total, 541 (32.9%) patients were diagnosed with ALNM breast cancer on immunohistochemistry analysis of the surgical specimen. In correlation analysis, axillary lymph node status (ALNS) was significantly correlated with tumor size in US (P < .001), tumor distance from the nipple (P = .017), palpability (P < .001), TQLs (P < .001), histologic grade (P = .01), ISAT (P < .001), and IIAT (P < .001). However, menopausal status, molecular subtypes, and tumor pathological subtypes were not significantly different between ALNM patients and non-ALNM patients ( Table 1) .
Univariate and multivariate logistic regression analysis
To identify the clinical traits affecting ALNM, additional univariate logistic regression was performed on all candidate predictors. The results showed that tumor size (OR = 1.052, P < .001), tumor distance from the nipple (OR = 0.94, P = .018), palpability (OR = 2.200, P < .001), TQLs (P < .001), histologic grade (P < .001), ISAT (P < .001), and IIAT (P = .003) were significantly correlated with ALNS ( Table 2 ). Features statistically significant in the univariate logistic regression model were included in the multivariable logistic regression model. The results showed that size, TQLs, and LB were independent risk factors of ALNM, indicating that larger tumor size, tumor location beneath the nipple, ISAT, and IIAT are high-risk factors for ALNM ( Table 2 ).
Decision tree prediction
Independent factors identified via multivariate logistic regression analysis including tumor size, TQLs, ISAT, and IIAT were Overlapping means the tumor was located in the junction between the medial and lateral position (at the 6 o'clock and 12 o'clock position). $Tumor size means the tumor's longest length in ultrasound images. ALNM = axillary lymph node metastasis, ER = estrogen receptor, Her2 = human epidermal growth factor receptor 2, IDC = invasive ductal carcinoma, IIAT = infiltration of the interstitial adipose tissue, ILC = invasive lobular carcinoma, ISAT = infiltration of subcutaneous adipose tissue, non-ALNM = no axillary lymph node metastasis, PR = progesterone receptor, T grade = tumor size grade, TQLs = tumor quadrant locations. selected to build the decision tree. Among the 1671 patients, we assigned 900 (54%) patients in the training sample, and the remaining 771 (46%) patients were enrolled in the test sample by "cross validation" method. As shown in Figure 3a , high consistency was obtained in the training set and test set after machine learning. Therefore, we believe that both sets can adequately represent the entire research cohort. In the accuracy model, the decision tree was developed using ISAT (100.00%), Fig. 3b ) because the aim of the decision tree was to screen out patients with a risk of ALNM as much as possible so that almost all remaining patients had non-ALNM and might avoid axillary management. Cost matrix can set the severity of each error relative to any other errors; thus, we introduced the cost matrix algorithm setting to a false-positive rate (FPR) 4 times of the false-negative rate (FNR) to reduce FNR. [27] 
Discussion
The timing and distribution of breast cancer metastasis vary considerably. Primary breast tumor metastasis can occur at an early, pre-symptomatic stage, and ALNM is commonly the earliest clinical presentation. [1] Several studies have confirmed that ALNM in early stage breast cancer can be treated via radiotherapy instead of extended SLNB/ALND. [2, 3] Therefore, exploring and developing non-invasive methods to assess ALNS that will be helpful to avoid unnecessary axillary surgery is a key goal in breast cancer research. In our study, we analyzed several preoperative clinicopathological characteristics and ultrasonographic traits that have been previously reported to be related to ALNM in early stage invasive carcinomas. [13] [14] [15] [16] [17] [18] [19] Finally, we found that tumor size, ISAT, IIAT, and TQLs were significantly correlated with ALNM. ISAT was the most influential factor affecting ALNM in both multivariate logistic regression analysis and decision tree models. Tumors with ISAT were 2.72 times more likely to develop ALNM than those without ISAT. Lymphatic capillaries have been shown to regulate lymph fluid absorption. Previous studies have confirmed that lymphatic capillaries (also known as initial lymphatic capillaries) have no valves, a basement membrane, a smooth muscle cell, or pericyte coating, and its distribution under the skin and subcutaneous adipose tissue is markedly higher than that in the gland and posterior interstitial structure. [28, 29] Thus, preoperative evaluation of ALNS should include assessment of ISAT or NISAT on US. Once ISAT is discovered, clinicians should be vigilant and perform further tests or SLNB to determine ALNS. Previous studies have shown that tumor size is a predictor of ALNS, [13] [14] [15] [16] and it can reflect the tumor's proliferative capacity to some extent. Studies have demonstrated that bigger tumors are more aggressive and have poorer prognosis. [13, 16] Accordingly, this factor serves as the basis of major staging systems. [14] In our study, an increase in tumor size by 1 mm increases the risk of ALNM by 1.048, and a larger tumor size was strongly correlated with ALNM. Currently, the T stage is represented by the largest diameter of the invasive cancer component and is easy to obtain. However, it may not be representative of the real tumor burden, particularly in early stage patients. In the future, multidimensional parameters should be considered to obtain a more objective stage based on tumor size. [30] TQLs was also suggested to be an influencing factor of ALNM, [31, 32] but no consensus has been achieved to date. Turan et al [32] explored the clinicopathological factors affecting sentinel lymph node metastasis and found that only lymphovascular invasion could be a useful marker in predicting sentinel lymph node metastasis in patients with axilla-negative early stage breast cancer, while other variables including TQLs have no effect on sentinel lymph node metastasis. Nevertheless, Manjer et al [31] reported that compared with inner tumors, outer tumors were more strongly associated with a significant risk of ALNM, and central tumors were also significantly associated with ALNM. These findings are consistent with those in our current research. Breast lymph drainage has 2 main routes, namely, the external and internal route. The external route comprises the nipple, the integuments, and the lactiferous tubules and leads to the axilla. Meanwhile, the internal route comprises the dorsal part of the breast and is thought to perforate the pectoral and intercostal muscles. [32] Thus, outer tumors and tumors beneath the nipple may reach the axilla through the external route. For IIAT, they may spread through the internal route and reach the lymph nodes behind the pectoralis muscle or intercostal muscles.
Although these factors were connected with ALNS in our study, they cannot be used in clinical practice alone. To determine whether ALNM can be predicted by combining these four indicators, we developed a decision tree. In our accuracy model, the decision tree was built using the ISAT, TQLs, and tumor size and showed a relatively high accuracy rate and high FNR. The FNR of ALNS is a crucial issue, and we attempted to decrease the FNR to the maximum extent possible in clinical practice. After using cost matrix algorithm, the FNR decreased to 14.75% in the test sample.
SLNB as a standard method to assess ALNS can significantly reduce axillary damage to patients with clinical node-negative breast cancer and has a low FNR of approximately 10%. [33] However, SLNB remains risky for non-ALNM patients and incurs higher healthcare costs. Moreover, the appropriateness of ALND/SLNB for small breast tumor patients with ALNM is yet to be determined, [3, 34] but the results of the AMAROS trial and the ongoing SOUND trial are expected to significantly clarify the role and importance of noninvasive evaluation of ALNS. In our study, we especially focused on the predictive power of the model in non-ALNM patients, for whom surgical staging of the axilla may be eliminated. Although the current model cannot achieve the same FNR compared with SLNB, the FNR was lower than 20% in nodes 5, 8, and 13. This means that these patients might have a higher probability of non-ALNM and may derive no benefit from SLNB or ALND. We speculated that node 5 patients may be at higher risk of internal mammary lymph node metastasis as node 5 tumors are located in the medial quadrant, which is rich in internal mammary lymphatic vessels, and are thus more inclined to drain to the intramammary lymph. [34] However, our study was focused only on ALNS, and this was not investigated. While for nodes 9, 10, 14, and 18 predicted ALNM, FPR was high and the accuracy significantly decreased because of the "error-cost algorithm". So we recommend routinely invasive assessment (SLNB or ALND) for these patients.
There are several limitations of our study. First, it is a retrospective review that only enrolled patients from a single center; thus, the generalizability of the findings is limited. Second, the sample size for the decision tree is relatively small. However, to the best of our knowledge, our study is the first to include LB in a predictive model for evaluating ALNS. In addition, this is the first study to develop an accuracy decision tree model and an error-cost model to predict ALNS in clinical node-negative early stage breast cancer. Although the models are not superior to SLNB, they can provide evidence on the probability of noninvasive measures to evaluate the ALNS and provide a basis for future studies. Basing on the decision tree, clinicians may reference the prediction results and make better clinical decisions.
Conclusion
In cT1-T2N0M0 breast cancer, tumors with larger size, lateral TQLs, ISAT, and IIAT may have a higher risk of ALNM. The decision tree built using these independent factors reached a slightly higher FNR than SLNB for predicting ALNS in some patient subgroups. Further advances in diagnostic techniques and systemic therapies for breast cancer are likely to be achieved, and the need for surgical staging of the axilla in select patient subgroups with node-negative disease and some patients with node-positive disease may be eliminated.
